There are a variety of methods for treating unilateral vocal cord paralysis, but to date there have been few studies that compare these phonosurgical techniques by using objective measures of voice improvement. Vocal efficiency is an objective voice measure that is defined as the ratio of the acoustic power produced by the larynx to the subglottic air power. Vocal efficiency has been found to decrease with glottic disorders such as vocal cord paralysis and carcinoma. This study compared the effects of vocal fold medialization by surgical augmentation to those of arytenoid adduction on the vocal efficiency, videostroboscopy, and acoustics (jitter, shimmer, and signal-to-noise ratio) of a simulated unilateral vocal cord paralysis in an in vivo canine model. Arytenoid adduction was superior to surgical augmentation in vocal efficiency, traveling wave motion, and acoustics.
INTRODUCTION
There are a variety of methods for treating unilateral vocal cord paralysis. These include Teflon injection;' thyroplasty, 2 arytenoid adduction," and nerve" and nerve-muscle pedicle transfer. 5 Most of these methods have been reported to improve the voice. However, recently, a theoretical paper comparing effects of the above treatment modalities on laryngeal vibration found significant differences among them." Unfortunately, to date there have been few studies that compare these phonosurgical techniques by using objective measures of voice improvement. Most authors simply describe the voice as improved over the paralyzed state.
Vocal efficiency is an objective measure of the voice that was first studied by van den Berg" in 1956. He defined the efficiency of the voice as the ratio of the acoustic power of the voice to the subglottic power. The subglottic air power can be estimated as the product of the mean glottic airflow rate and the mean subglottic pressure. The physio-A number of acoustic measures of voice quality logic control of vocal efficiency has been studied by have been used clinically. These include jitter, shimseveral investigators. Koyama et al," using an in vimer, and signal-to-noise ratio. Jitter is defined as vo canine model, found higher levels of vocal effithe fluctuation in the time interval between succesciency when cricothyroid contraction was added to sive peaks of the fundamental frequency. Shimmer recurrent laryngeal nerve stimulation. Tanaka and is the cycle-to-cycle variation in the amplitudes of Tanabe," also using an in vivo canine model, found the peaks. Signal-to-noise ratio is the ratio of the that increased contraction of the thyroarytenoid or sound energy in the acoustic signal to the noise in cricothyroid muscle increased glottic resistance (the the voice signal. 12. 13 Lieberman':' was the first to reratio of glottic airflow to subglottic pressure), while port an increased jitter in pathologic phonation. vocal efficiency remained constant. They further Lieberman':' and Koike et al 15 found, using highobserved that contraction of the lateral cricoarytespeed cinematography, that pitch perturbations renoid muscle increased both glottic resistance and fleeted variations in the glottic area and periodicity. vocal efficiency. They postulated that thyroaryteKoike et aIlS and Zyski et al 16 found increased jitter and shimmer in patients with laryngeal tumors and unilateral vocal cord paralysis. Efforts have been made to use these measures as screening devices for laryngeal disease;" but few studies have used these measures to document the results of laryngeal surgery.:"
An examination of current literature demonstrates that the optimal procedure for voice improvement in a patient with unilateral vocal cord paralysis is in a state of flux. 19 Teflon injection has been very successful in improving the voice and reducing aspiration since its introduction in 1962 by Arnold.' Rubin 20 studied the histology of Teflon-injected vocal cords and showed, using high-speed cinematography, improved vibration of the paralyzed cord, which was placed in a more medial position after injection. Von Leden et al" found voice improvement, postinjection, using both acoustic analysis and laryngeal function studies. Rontal et al 2 2 also demonstrated improvement in voice spectrograms postinjection. However, a number of concerns regarding Teflon injection are emerging.
The degree of improvement with Teflon injection is sensitive to the amount and position of injection. 23 Trapp et al 24 found, in the dog, that overinjection or underinjection of Teflon into the paralyzed cord would result in a lack of two-mass (upper and lower margin) vibration. Crumley et al" found, in humans, that Teflon-injected vocal cords lacked a mucosal wave. They postulated that the early voice fatigue often seen after Teflon injection may be due to sound's being generated by only the noninjected cord. Failure to achieve an improved voice has been reported to occur in about 10% of cases." Acoustic studies by Trapp et al 24 using the in vivo canine model have shown that phonation after Teflon injection requires a high flow rate and has a high jitter. Cormier et al 2 6 measured forced inspiratory and expiratory airflow before and after injections and found a transient subclinical inspiratory airway obstruction at 24 hours after injection in all seven of the patients studied. This airway obstruction was thought to be due to postinjection inflammation of the paralyzed cord, which resolved in approximately 10 days. Hublrr" demonstrated this inflammatory reaction histologically and warned that the voice may be worse up to 5 days after injection until the reaction subsides. He also showed that injection close to the free margin of the cord could increase its stiffness and interfere with its vibratory characteristics. Other complications of this procedure .include granuloma formation, migration of Teflon, imprecise placement of Teflon, and overinjection with possible airway obstruction. The long-term effects of Teflon injection on the cord and the voice have not been reported. As an alternative to Teflon injection, a number of surgeons have begun to treat paralysis by laryngeal framework surgery.
Surgery on the laryngeal framework as a treatment for unilateral vocal cord paralysis began with Payer" and was later modified by Meurrnarr" and others. The first systematic study and classification of these procedures was by Isshiki et al," who coined the term thyroplasty. There are four types of thyroplastic operations. Type I provides lateral compression to the paralyzed cord, narrowing the glottic chink. Type II creates lateral expansion of the glottis. Type III shortens and relaxes the cord bilaterally. Type IV lengthens and stretches the cords. Isshiki et al 29 studied the results of these four types of thyroplasties in treating unilateral vocal cord paralysis in the canine larynx. In their study, the degree of voice improvement was evaluated subjectively as "improved" or "rough," and the mechanical effect on the larynx was studied only with laryngoscopy. They recommended using a type I thyroplasty for a unilateral recurrent laryngeal nerve paralysis and types I and IV together for a unilateral superior and recurrent laryngeal nerve paralysis. Clinically, there are four types of manual compression tests that can be performed on the larynx to help decide if thyroplasty would be helpful. These are the lateral compression test, the dorsal compression test, the cricothyroid approximation test, and combinations of the above. 30 Improvement in the voice during the lateral compression test helps indicate the degree of improvement after type I thyroplasty.
Koufrnarr" reported a series of 11 patients who underwent a modification of the type I thyroplasty (medialization laryngoplasty) for treatment of unilateral vocal cord paralysis (both recurrent and vagal). On a five-point scale, improvement was seen in 10 of 11 patients. Escajadillo'" reported a modification of the type I thyroplasty performed in dogs and humans. This modification resulted in a "near normal" or "normal" voice in 4 of 5 patients. Koufman found several advantages of medialization laryngoplasty over Teflon injection. The medialization is theoretically easily reversible, whereas Teflon injection is more difficult to reverse. The patient's discomfort is less with this procedure under local anesthesia than with a direct laryngoscopy under topical and local anesthesia. The surgeon can add to and subtract from the degree of medialization to finetune the voice, whereas the Teflon injection can only add to the medialization.
After their initial experience with the type I thyroplasty, Isshiki et al" noticed that unilaterallaryngeal paralysis patients with a large posterior glottic chink or a difference in the level of the cords were not achieving optimal results. If the posterior glottic chink was large, it continued to leak air after type I thyroplasty. In five patients (two of whom had failed a type I thyroplasty), Isshiki performed an arytenoid adduction in which a suture was placed around the muscular process of the arytenoid and through the anterior thyroid cartilage", and tied it with ------... enough tension to adduct the arytenoid to the midline. This was performed as an open neck dissection under local anesthesia. Postoperatively, all five patients had improved spectrograms.
The first reported arytenoid procedure for vocal cord adduction was by Morrison;" who used an open procedure to release the posterior cricoarytenoid muscle from the muscular process, and sutured the arytenoid in the midline after removing a piece of cricoid to adjust the level of the cord. Montgomery" used a laryngofissure to gain access to the glottis and then pinned the arytenoid to the cricoid in the midline position.
This study used an in vivo canine model to compare vocal fold medialization by surgical augmentation to arytenoid adduction in improving the vocal efficiency, videostroboscopy, and acoustic properties (jitter, shimmer, and signal-to-noise ratio) of a unilateral vocal cord paralysis.
MATERIALS AND METHOD
In Vivo Canine Model. Mongrel dogs (25 kg) were premedicated with Innovar intramuscularly. Intravenous Pentothal was administered to a level of corneal anesthesia and additional Pentothal was used to maintain this level of anesthesia throughout the experiment.
The animal was placed supine on the operating table, and a midline incision was made to expose the trachea from the hyoid to the sternal notch. Both recurrent laryngeal nerves were identified and preserved. Both superior laryngeal nerves were identified along their course to the cricothyroid muscles. A low tracheotomy was performed at the level of the suprasternal notch, through which an endotracheal tube was passed to allow ventilator-assisted respirations. A second tracheotomy was performed in a more superior location, through which a cuffed endotracheal tube was passed in a rostral direction and positioned with the tip 10 em below the vocal folds. The cuff was inflated to just seal the trachea. Humidified heated air was passed through this rostral endotracheal tube from a compressed air tank. Flow was controlled with a valve and measured with a Gilmont flowmeter. The air was humidified and heated by being bubbled through 5 em of heated water so that the temperature of the air was 37°C when measured at the glottic outlet. A I-em fourholed plastic shirt was used to suspend the epiglottis from a fixed point to provide direct visualization of the larynx through the oral cavity (Fig 1) .
One-centimeter segments of recurrent and superior laryngeal nerves were isolated, and Harvard miniature electrodes were applied around each nerve. The electrodes were then insulated from surrounding tissue. Two constant-current nerve stimulators (model S2LH, WR Medical Electronics, St Paul, Minn) were used to stimulate the recurrent and superior laryngeal nerves independently. These nerves were stimulated at 70-to 80-Hz stimulus fre-quency with 0.5-to 2.0-mA intensity for 1.5 milliseconds. Phonation was produced with an airflow of 318 to 523 mLls applied through the larynx by the rostral endotracheal tube.
Surgical Technique. Arytenoid adduction was performed as described by Isshiki et a1. 3 The thyroid cartilage was exposed down to the posterior margin. The constrictor muscles were elevated and sectioned off. Dissection proceeded on the inner surface of the thyroid cartilage. The mucosa of the pyriform recess was elevated to identify the muscular process of the arytenoid. One 4-0 braided nylon suture was placed around the muscular process of the arytenoid and then out through the thyroid ala by using a Keith needle. The tension on the stitch was adjusted with a clamp to allow maximum acoustic intensity for a given airflow rate and subglottic pressure.
The surgical augmentation used for vocal cord medialization followed the method of Hiroto. 35 This method was chosen because of the more caudal position of the vocal fold with respect to the thyroid cartilage in the dog as compared to the human. The external perichondrium of the medial lower margin of the thyroid cartilage was incised at the junction between the cricothyroid membrane and the thyroid cartilage, on the side of the paralyzed vocal fold. A tunnel was created, by using a Freer dissector, through the inner perichondrium. A rectangular piece of polystyrene plastic (Styrofoam) tapered at the anterior and posterior edge, 2 to 4 mm in thickness, was then placed in this tunnel to medialize the paralyzed cord. This piece of Styrofoam was reshaped as necessary to achieve optimal volume for a given airflow rate and subglottic pressure.
Acoustic Measures. Acoustic measures were made with a I-in Bruel & Kjaer condenser microphone placed 30 cm from and level with the glottic outlet. The microphone was directed 90°from the direction of the sound source. The sound level measurements were made in decibels with a Bruel & Kjaer sound level meter type 2209 on the C-scale. The acoustic signal was also digitized, after C-scale filtering, at 20 kHz and stored on the hard disk of a personal computer.
Subglottic pressure was measured with a Millar Mikro-Tip catheter pressure transducer (model SPC-330, size 3F) passed rostrally through the superior tracheotomy. It was placed 5 cm below the glottis. This signal was low-pass-filtered at 3 kHz, digitized at 20 kHz, and stored in a personal computer. Owing to the variation in subglottic pressure during phonation, the peak pressures attained during the glottic cycle were used. These peaks were identified by using a commercially available software package for the personal computer system (CSpeech, Paul Milenkovic, University of Wisconsin, Madison, Wis). The pressure transducer was calibrated before each experiment against a mercury manometer.
Vocal efficiency was calculated as the ratio of the acoustic power of the voice to the subglottic power. The total acoustic power was calculated by the method of Koyama et al," in which total sound power = 2r 2Pe2/Poe.
This formula applies for a sound power radiating with no known directivity into a hemisphere of area 2r 2 , a distance "r" away from the source. The product of Po (the density of the medium) and c (the velocity of propagation) is the specific acoustic impedance of the medium, which is 41.1 dynes x s/crrr' in air at 20°C. The term Pe is the root mean square sound pressure in dynes per cubic centimeter at the distance "r" from the sound source. The subglottic power was calculated as the product of the flow rate times the peak subglottic pressure.
Acoustic analysis of the digitized acoustic signal was performed with a commercial software program (C-Speech). Jitter, shimmer, and signal-to-noise ratio were calculated for each trial. to The background noise in the laryngeal laboratory was 35 dB lower than the experimental values, in using the C-scale. To normalize for varying fundamental frequency, jitter was calculated as a fraction of the period of the fundamental frequency.
Videostroboscopy. For stroboscopic imaging of the larynx, a Storz laryngostrobe unit (model 8000) was used. The stroboscope was connected to a Storz 0°telescope via a fluid-filled light cable. The image was detected by a Jedmed CCD (charge-coupled device) video camera (model 70-5110) and a Sony U-matic videocassette recorder (VO-5850). The video images were analyzed frame by frame with the video recording unit.
Experimental Design. Eight adult mongrel dogs were used for this study. Measurements for vocal efficiency and acoustic analysis (jitter, shimmer, and signal-to-noise ratio) were obtained on a minimum of two to four trials, followed by videostroboscopy, for each experimental state: normal (simultaneous bilateral recurrent laryngeal nerve and superior laryngeal nerve stimulation), unilateral recurrent laryngeal paralysis, paralysis plus arytenoid adduction, paralysis plus surgical augmentation, and paralysis plus adduction and augmentation together. A mean value for vocal efficiency, jitter, shimmer, and signal-to-noise ratio was then computed from the trials for each experimental state. The order of the surgical manipulations was changed for each dog to reduce any ordering effects. Stimulation of the recurrent and superior laryngeal nerves in the normal state was optimized to create the greatest intensity, because vocal efficiency has been found to increase with intensity. to Statistical Analysis. Each experimental state (normal, unilateral recurrent laryngeal nerve paralysis, All values are times 10-".
paralysis plus arytenoid adduction, paralysis plus augmentation, and paralysis plus adduction and augmentation together) was compared for statistical significance by using a one-way analysis of variance for repeated measures for the dependent variables vocal efficiency, jitter, shimmer, and signalto-noise ratio.
RESULTS
Vocal Efficiency. and amplitude perturbation (jitter and shimmer). Arytenoid adduction or arytenoid adduction and augmentation together corrected these measures to a greater degree than surgical augmentation alone.
Stroboscopic Analysis. The stroboscopic data are summarized in Table 2 . Phonation in the normal larynx revealed complete glottic closure and twomass (upper and lower margin) motion of the mucosa on both cords, with complete symmetry. Unilateral recurrent laryngeal nerve paralysis revealed a mild posterior glottic chink incompetence and onemass motion of the paralyzed cord. In addition, the paralyzed cord made greater lateral excursions than the normal cord, which remained more in the midline.
Surgical augmentation resulted in continued glottic incompetence at the posterior chink. The mucosa of the paralyzed cord had one-mass motion, while the normal cord had two-mass motion. The excursions of the two cords from midline were symmetric (as opposed to the paralyzed state).
Arytenoid adduction resulted in complete glottic closure and two-mass motion of the vocal fold mucosa bilaterally. The paralyzed cord demonstrated a greater lateral excursion from the midline, similar to that in the paralyzed state.
Arytenoid adduction and augmentation together resulted in complete glottic closure, with two-mass motion in .the vocal fold mucosa bilaterally', but the upper margin of the paralyzed cord had a wider excursion of oscillation, crossing the midline after contact with the opposite cord. The motion of the bulk of the cords was symmetric, however.
DISCUSSION
In addition to the sound produced by the larynx, vocal efficiency is affected by the vocal tract and mouth radiation. In this study these last two factors were held constant so that glottic efficiency was measured. Koyama et al" found in dogs the normal range for vocal efficiency to be 0.06 x 10-4 to 2.0 X 10-3 , which agrees with our values of 3 x 10-4 to 1 X 10-3 with a mean of 2.7 x 10-3 • This value for canine vocal efficiency also approximates the range for humans of 0.45 x 10-5 to 45 X 10-5 found by van den Berg," 0.3 x 10-4 to 14.0 X 10-4 by Isshiki;" and 0.11 x 10-4 to 6.8 X 10-4 by Iwata. 10 In this study we examined vocal fold medialization by surgical augmentation and arytenoid adduction in treating unilateral recurrent laryngeal nerve paralysis in the dog. Vocal efficiency improved from approximately 3 % of normal in the paralyzed state to only 7 % after augmentation. The jitter, shimmer, and signal-to-noise ratio of surgical augmentation were also comparable to those of the paralyzed state. gether were significantly different from those for recurrent laryngeal nerve paralysis. Augmentation was not found to be significantly different from the paralysis state. Arytenoid adduction was not found to be significantly different from adduction and augmentation together (F4,28 =4.51; p< .01).
Examination of the videostroboscopic images
In order to aid in comparisons between dogs, the efficiency of the normal larynx for each dog was expressed as 100% efficient, and the efficiency of the other states of the larynx was expressed as a percentage of normal. These results are shown in Fig 2A. The mean percent efficiency, across all dogs, was 3.0% for unilateral recurrent laryngeal nerve paralysis, 73 % for arytenoid adduction, 7 % for augmentation, and 115% for arytenoid adduction and augmentation together.
Acoustic Analysis. Figure 2B -D illustrates the jitter, shimmer, and signal-to-noise ratio, respectively, for each experimental state. The mean jitter values for unilateral recurrent laryngeal nerve paralysis and surgical augmentation were similar at 38 and 43, respectively. Jitter values for the normal larynges, arytenoid adduction, and arytenoid adduction and augmentation together were significantly lower (F4,28 = 2.63; p = .05) at 24, 25, and 17, respectively.
The mean shimmer values for unilateral recurrent laryngeal nerve paralysis and surgical augmentation were also similar at 39 and 47, respectively. Shimmer values for the normal larynges, arytenoid adduction, and arytenoid adduction and augmentation together were also significantly lower (F4,28 = 4.17, p< .01) at 13, 21, and 16, respectively.
The signal-to-noise ratios for unilateral recurrent laryngeal nerve paralysis and augmentation were similar at 5 and 4, respectively. Signal-to-noise values for the normal group, arytenoid adduction, and arytenoid adduction and augmentation together were significantly higher (F4,28 =5.88; p < .001) at 11, 12, and 12, respectively.
In general, a unilateral recurrent laryngeal nerve paralysis resulted in a weaker acoustic signal (signal-to-noise ratio) with an increase in frequency demonstrated that some of the failures of augmentation to improve vocal efficiency were from a leak of air in the region of a posterior glottic chink. This leak of air was a source of lost subglottic air power that was not converted to acoustic power. Titze;" using the excised canine larynx, found vocal efficiency to decrease with increasing glottal width. From both canine and human anatomic studies it has been shown that a type I thyroplasty cannot medialize the vocal process of the arytenoid, owing to the overlap of the cricoid cartilage under the posterior thyroid ala. Any attempt at medializing the vocal process using the thyroid lamina would just push against the posterior cricoid. 38 The noise of turbulent flow from this posterior glottic leak may have contributed to the low signalto-noise ratio of the surgical augmentation. Isshiki et al 3 9 found, using a life-size silicone model of the larynx, that turbulent noise was produced at the glottic chink when the speed of airflow through the chink exceeded a certain value (the critical Reynolds number). The intensity of the noise in Isshiki's model was proportional to the area of the glottic chink. The turbulent noise produced was distributed over a wide frequency range as in white noise.
There are some limitations in using the acute canine model of laryngeal paralysis. The posterior glottic chink between the vocal processes is longer in the dog than in the human. This difference may limit the performance of a surgical augmentation procedure in the dog. The problem of a leak in the posterior glottic chink may not be as significant a factor in the human. Using an acute model of laryngeal paralysis does not allow for atrophy of the paralyzed cord or compensation by the normal cord with time. These are interesting problems that deserve further investigation.
In this study, arytenoid adduction resulted in an average vocal efficiency that was 73 % of normal (compared with 30/0 in the paralyzed state and 70/0 after surgical augmentation). The jitter and shimmer after arytenoid adduction were similar to those of the normal larynx and lower than those for the paralyzed state or after surgical augmentation. The signal-to-noise ratio for arytenoid adduction was also similar to normal and higher than for the paralyzed state or surgical augmentation. The values for arytenoid adduction and augmentation together seemed to follow those of arytenoid adduction alone.
It is difficult to speculate if the advantage of the arytenoid adduction was-due to the dog's large posterior glottic chink. Although this study indicates that arytenoid adduction may be superior, in terms of vocal efficiency and acoustic analysis, to augmentation, careful preoperative and postoperative evaluation in humans is necessary.
The stroboscopic vibratory patterns of the vocal cords continued to demonstrate abnormalities after all treatment modalities. The larynges with arytenoid adduction, despite having two-mass motion of both mucosal folds, continued to have wide lateral excursions of the paralyzed cord. The augmentation failed to yield two-mass motion of the paralyzed cord, in addition to leaving a posterior chink leak. Even using arytenoid adduction and augmentation together resulted in an upper margin of the paralyzed cord that vibrated in wide excursions, crossing the midline after meeting the opposite cord. The reason these procedures failed to result in normal vocal cord vibration may be the lack of intrinsic vocalis muscle tone and stiffness provided by innervation. This intrinsic stiffness may be preserved by using reinnervation procedures.
Crumley et al" have recommended nerve transfer from the ansa hypoglossi to the recurrent laryngeal nerve as a treatment for unilateral vocal cord paralysis. This procedure was performed on five patients and the voice was thought to be superior to that produced by Teflon injection, owing to the restoration of normal stiffness, mass, and symmetry of the cord. Results on spectral analysis were improved postoperatively.r" and stroboscopic examination revealed synchronous mucosal waves. This technique required an open procedure but did not expose or manipulate the larynx. Tucker and Rusnov" have also described a technique for laryngeal reinnervation using an ansa hypoglossi neuromuscular pedicle passed through a window in the thyroid cartilage.
How the reinnervation procedures would compare to surgical augmentation or arytenoid adduction in terms of vocal efficiency or acoustic analysis is presently under investigation.
Vocal fold medialization by surgical augmentation or arytenoid adduction, in this study, improved the vocal efficiency of the paralyzed larynx, but to different degrees. Under conventional reporting standards both results would be described as "good" or "improved." It was only through more objective measures, such as vocal efficiency and acoustic analysis, that any quantitative difference could be found. In this canine model, the vocal efficiency and acoustic properties of arytenoid adduction were superior to those of augmentation. As the number of treatments for unilateral vocal cord paralysis increases, it becomes important to document the results of each treatment by using objective measures. Practical approaches for achieving this goal have been reported, and it is our hope that the use of these methods will continue.r"?" CONCLUSIONS Vocal fold medialization by surgical augmentation was compared to arytenoid adduction as a treatment for unilateral vocal cord paralysis. In this canine model, the vocal efficiency and acoustic properties of arytenoid adduction were superior to those of surgical augmentation'.
